Summary. Novel sensors enable and expand new industrial, environmental, and biomedical applications. Most sensors are based on electrical transducers. Alternatively, sensors based on flow in microfluidic channels formed on plastic 'chips' can also detect forces and torque, with visual or electrical readout. Students designed, fabricated, and tested simple, postage-stampsized microfluidic sensors for attachment to head, headbands, or deployment in helmets and other sports and protective equipment, to detect excessive-impact forces and torques. These sensors are based on actuating colored liquids through microfluidic channels formed in a small plastic chip when inertial forces and torques exceed a threshold level associated with surface tension and channel geometry. While design and fabrication of prototypes was relatively straightforward, testing the sensor elements proved more involved and challenging for students. Students constructed instrumented test rigs to simulate impacts and torques representative of various injurious events and situations. In addition to its potential for offering a low-cost and practical means of sensing dangerous impacts in sports and military operations, this project had many educational and instructive facets to engage students: literature and patent surveys, interactions with researchers and clinicians, assessment of risks, societal and human costs and benefits. Students developed new designs and approaches to gain some comparative advantage in a highly competitive and emerging area of medical sensors. Introduction and Aims. Novel sensors can provide new information and understanding of physical and biological phenomena, as well as more diverse environmental monitoring, better control of and intervention in processes, and-in the medical field-diagnostics, preventative intervention, and monitoring of health states and therapies. Biomedical engineering sensor projects are typically focused on measuring physiological data such as heart rate, blood pressure, blood glucose, breathing, body temperature and the like. Such sensors are normally electronic transducers that convert a physiological variable to an electrical signal that can be amplified, filtered, digitized, processed, communicated, and recorded. While miniaturization of electronics, sensors, and batteries can generally provide for sufficiently small and non-intrusive personal sensing, there are still many situations where an 'electronic' solution would prove too uncomfortable, too expensive, too difficult to maintain or reuse, or too delayed in interpretation or response, and perhaps also unsafe. Measuring impacts and torques sustained to the head region are of great interest to provide nearterm assessments of possible trauma. Electronic sensors to measure impact forces and torques to the head (or other parts of the body) may in fact be overly sophisticated for this application. As an alternative, microfluidic sensors that work on very simple principles of inertia and capillary forces (surface tension) and use colored dyes as indicators, can provide an appropriate and attractive alternative to electronic sensors. The microfluidic sensor is comprised of a small (thumbnail size) plastic chip containing channels and reservoirs with charged with dyecontaining fluids that are actuated by impulsive forces and torques, resulting in mixing and color changes. These devices can be made to work on a threshold effect such that when the device is subjected to force or torque exceeding some pre-determined design value, a positive visual indication is provided. This work proved to be a highly instructive, multidisciplinary project for
undergraduate engineering students. This paper serves to report objectives, technical details, and results with the aim of disseminating this work in order to highlight microfluidic devices as student design projects and a means for introducing mechanical and electrical engineering students to microfluidics, biosensors, and medical diagnostics. Scope of Student Work. Students met with medical researchers and learned the crucial need for force and torque sensors to signal the possibility of traumatic head injury, as well as currently available technologies, their capabilities and limitations, and possible technical solutions. The concept of using a microfluidic device for measuring forces and torques has been previously demonstrated, and such devices have been reported in the literature. Students made a patent search for similar and related technologies. Students then designed a microfluidic chip with CAD software and fabricated prototypes with laser cutting and adhesive. The next task was to design and build a test rig to produce forces and torques on chips similar to those expected to produce head injury, and to measure, characterize, and analyze the response of chips Students worked in a three-person group, over the course of Senior Year. In the Fall, students performed literature and patent searches, designed chips with CAD, and fabricated early prototypes. In the winter, students continued optimization of chip design and fabrication, and designed and built a test rig for evaluating the chips. In the Spring, chips were characterized and analyzed, after which students documented their work in a report and made a 30-minute presentation to faculty, industrial advisory board members, and medical researchers who advised the project. Background and Motivation. The specter of head trauma is a serious issue in sports, military and police operations, and many other occupations and recreational activities. Head trauma is a potentially life threating injury, and permanent or long-term cognitive impairment can result. Often, those affected are not aware of the seriousness of the injury. Traumatic Brain Injury (TBI) occurs when the brain is subjected to excessive linear or rotational forces (torques). These forces can disaggregate the white matter in the brain, disrupting axons, and leading to diffuse axonal injury (DAI). DAI can be devastating and occurs to varying degrees of severity-from mild to moderate, to severe. Concussions are considered to be a mild form of DAI. DAI causes long term effects, and can be very difficult to diagnose. It is important to detect DAI quickly to prevent further exacerbating trauma and mitigate long-term consequences. It is sometimes assumed that linear forces cause the main effects of DAI, and many head trauma devices in fact measure linear forces. Instead, DAI is due more often to shearing forces that occur when the brain is rapidly accelerated or decelerated. Linear forces cause comparatively less damage due to the brain tissue incompressibility (approx. that of water). On the other hand, when the skull is rotated, the brain is insufficiently rigid to prevent shearing forces which may damage brain tissue. (The brain and skull do not rotate together, causing shearing and distortion [HOLBURN and PHIL 1945] . Thus, it is more important to measure torques as precursors of brain injury rather than linear forces. Many activities can be considered high risk for DAI, including contact sports such as football, military operations, as well as car and bicycle accidents, falls, and fights. According to the Consumer Product Safety Commission, there were over 450,000 sports-related head injuries in the US yearly [DEV and BAUER] . By some estimates, 20% of all head injuries result in long-term impairment. 1.7 million people in the US are hospitalized annually due to TBI. Athletes suffer between 1.6 and 3.8 million concussions per year. The estimated cost of rehabilitating a patient with TBI ranges from $25,000 (mild) to $81,000 (moderate). Since 2000, the US Department of Defense reports the occurrence of 307,000 TBIs in active soldiers. Currently, the only way to determine whether one has sustained a concussion or DAI is by examination by a doctor using a special battery of tests. Generally, such tests cannot be done quickly nor on site. Thus, a simple device that athletes, soldiers, police and other at-risk personnel could wear on their head (e.g., attached or taped to their head or to a headband), would fill an important medical need.
Microfluidic Sensor Design.
There is considerable interest in a low-cost (∼$1), simple, easy-touse and interpret, non electric-powered, comfortable device that would indicate the possible occurrence of head trauma. A simple microfluidic device (Figures 1 and 2) , physically attached to the head or headgear, can be used to detect excess torques to which the head may be subjected. The chip measures less than a centimeter on a side and is less than 2 mm thick. It can be attached directly to the head (e.g., to the scalp, with adhesive tape) or to a headband, or less desirably, to the helmet (but this is not as accurate as directly mounting the detector chip on the head). The chip uses no electricity, had no harmful chemicals, and is easy disposed. As shown in Figure 2 (top view), the chip has a curved channel that connects two reservoirs, one of which is filled with a dye solution and the other is empty (the receiving end). Surface tension forces keep the liquid in the reservoir, but when the chip is subjected to a torque sufficient to overcome surface tension forces, propelling the colored liquid into the receiving reservoir. The chip can be coated with black except over the receiving reservoir, so that the presence of colored liquid there will be obvious. The design rules for surface-tension driven microfluidics (and similarly, socalled 'burst' valves that conduct flow when external forces overcome a minimum resistive surface tension force have been described by MCNEELY et al. [1990] . This simple design can be contrasted with electronic torque sensors. The specific design of the chip is simulated with finite element analysis. The chip is easy to prototype. The chip is made as a bonded, three-layer laminate of acrylic (PMMA). A middle layer is cut with the fluidic circuit using a CO2 laser cutter. The chip is then sealed by bonding a top and bottom layer of acrylic film to seal the channel using doublesided tape. A small port and exit air hole can be cut in the one film to allow introduction of the dyed water (food coloring), and then subsequently sealed. The chip design includes the width and height of the channel, its length and angle of curvature, and the amount of liquid. Also, the surface tension of the channel walls and reservoir can be modified using silicone spray coatings, and likewise, detergents or surfactants can be added to the liquid to change the fluid surface tension. Accordingly, there are many variables to adjust in targeting a specified torque threshold for fluid actuation, and this proves to be an informative educational exercise in fluid mechanics.
Testing.
The next task is testing, which required a specialized apparatus. In many ways, the development of test equipment and instrumentation, testing procedures, and data analysis was more challenging and required more effort than the design and fabrication of the sensor chips themselves. We depict some approaches for simulated rotational impulses using hydraulic rams (Figure 3) , springs (Figure 4) , and electric motors. We focused mainly on the electric motor with a high starting torque. The sensor is taped to a platen disc that is turned with high acceleration by a stepper motor (NEMA single shaft, STP-MTR 23079(D)) and a stepper power supply, controlled by an Arduino Microcontroller. The speed to simulate the required torque forces in the chip was estimated at between 50 and 90 rad/s. Some test results for chips are shown in Fig. 5 , indicating the change in threshold torque with channel geometry. A Gantt chart schedule for the 8-month project is shown in Fig. 6 . Conclusion and Discussion. This project proved to be an instructive case study for senior design on several accounts: 1) it developed and tested a useful medical sensor with important applications, 2) it utilized a microfluidic chip as a sensor, rather than the more typical applications of microfluidics for sample processing and analysis, 3) it demonstrated that there is a place for completely non-electrical sensors, and 4) its easy prototyping allowed students to complete the project in the time frame of Senior Design. The total cost of this project was less than $400, including materials, equipment, and electronics. The project was assessed by twenty four evaluators from industry, academia, and consulting firms, on the basis of creativity, engineering design, implementation, modeling and characterization, and societal impact, receiving scores ranging from good to excellent in all categories. When the spring is released, it strikes an impact pad that provides an impulsive torque, rotating the sensor
